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ABSTRACT 
Tree hollow inhabitance is a trait that has evolved multiple times over the course 
of mammalian evolution, but the selective pressures for this trait are not well-
understood, especially in the tropics. In Australia, there are 35 species of tree hollow-
inhabiting marsupials (75% of the continent’s arboreal marsupials). The adaptive 
radiation of Australian tree hollow inhabiting mammals is hypothesized to have been 
driven by thermoregulatory demands and constrained by tree hollow abundance and 
body size. Because Australia exhibits disparate temperature extremes and the highest 
tree hollow abundance globally, the continent can support a high diversity of tree 
hollow inhabiting species. However, tree hollow inhabitance has not been investigated 
similarly in the tropics, and there is a paucity of data on tree hollow abundance in low-
latitude forests. My investigation of tree hollow inhabitance in Madagascar identified 36 
species of tree hollow-inhabiting lemurs, comparable to the mammalian tree hollow 
inhabitant species richness of Australia. I hypothesized that tree hollow inhabitance 
within Madagascar was driven by thermoregulatory demands and constrained by tree 
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hollow abundance and body size. I tested this hypothesis by comparing the selective 
pressures and constraints acting on lemuriform tree hollow inhabitants, lemuriform 
non-tree hollow inhabitants, and tree hollow inhabitant marsupials in Australia. 
Because data on tree hollow abundance are lacking in Madagascar, I used a proxy for 
tree hollow abundance: mean yearly rainfall, which positively correlates with global 
tree hollow abundance. Within Madagascar, tree hollow inhabitant sites did not differ 
in thermoregulatory demands or tree hollow abundance, but non-tree hollow inhabiting 
lemuriformes were significantly larger than tree hollow inhabiting lemuriformes. 
Furthermore, tree hollow inhabitant sites in Madagascar had significantly higher 
rainfall levels (suggesting high tree hollow abundance) than Australian tree hollow 
inhabitant sites, but Australian tree hollow inhabitant sites had significantly higher 
temperature variability (suggesting higher thermoregulatory demands) than tree 
hollow inhabitant sites in Madagascar. Therefore, the species richness of mammalian 
tree hollow inhabitants in both regions may be due to different selective pressures. 
Because nearly 80% of tree hollow inhabiting lemuriformes are critically endangered, 
endangered, or vulnerable, understanding the selective pressures and constraints for 
inhabitance of this keystone vegetation structure is critical to conserving tree hollow 
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Mammals on every forested continent rely on tree hollows as ‘keystone 
vegetation structures’ (Tews et al. 2004; Remm & Lohmus 2011). These microhabitats 
can serve multiple functions for the animals that use them, including thermoregulation 
(Webb & Shine 1997), predation avoidance (Nilsson 1984), hydration (Sharma et al. 
2016), and infant parking (Kappeler 1998). In addition, tree hollows can be 
evolutionarily preferable to nests due to reduced energy expenditure on sleep site 
construction (Gibbons & Lindenmayer 2002). However, negative consequences to tree 
hollow inhabitance exist as well, including increased risk of parasitism (Hokan et al. 
2018) and vulnerability to anthropogenic environmental disturbance as compared to 
alternative sleep sites (Remm & Lohmus 2011). Because the formation of tree hollows 
suitable for vertebrate occupancy can take more than a century (Gibbons & 
Lindenmayer 2002), and because tree hollows are most common in unmanaged old 
growth forests (Remm & Lohmus 2011), many tree hollow inhabitants are now 
vulnerable to extinction (Ranius et al. 2009).  
 
Tree hollow abundance varies based on climate, disturbance, and the 
characteristics of individual trees (i.e., age, diameter, health, and species; Gibbons & 
Lindenmayer 2002; Remm & Lohmus 2011). Gibbons and Lindenmayer (2002) identified 
three steps in the tree hollow formation process. First, the tree must experience 
physiological stress or injury, usually through heavy winds or faunal excavation that 
exposes the core material: heartwood (Baumgartner 1939). Second, the exposed 
heartwood must decay to form a tree hollow (Carey & Sanderson 1981), a process 
hypothesized to be expedited by rainfall (Remm & Lohmus 2011). Third, the tree must 
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be able to persist with the decay, which normally requires larger girth (Gibbons & 
Lindenmayer 2002). Tree age, diameter, and likelihood of tree hollow formation are 
positively correlated (Lindenmayer et al. 2017), partially due to the higher propensity of 
older trees to shed large branches (Jacobs 1955). The thinning of bark and sapwood, 
which buffers the vulnerable heartwood from wounding, and the slowed growth rate of 
older trees (Florence 1996), limits heartwood repair and contributes further to tree 
hollow formation (Jacobs 1955). However, the strongest global predictor of tree hollow 
abundance is rainfall because moisture allows for faster tree hollow development 
through the process of fungal heartwood decay (Remm & Lohmus 2011).  
 
Tree hollow inhabitance has evolved convergently and repeatedly over the 
course of mammalian evolution, yet the selective pressures implicating this global 
phenomenon are not yet understood. One hypothesis for the evolution of mammalian 
tree hollow inhabitance posits that the density of tree hollow inhabitants increases in 
ecoregions with higher thermoregulatory demands due to the buffering qualities of tree 
hollows (Gibbons & Lindenmayer, 2002). This hypothesis is supported by a number of 
studies across continents and taxonomic groups that find substantial temperature 
insulation in tree hollows (e.g., Cawthen et al. 2009; Isaac et al. 2008; Maziarz 2017; 
Sedgeley 2001). For instance, tree hollows in red mallee (Eucalyptus oleosa) on average, 
buffer temperatures 2.5-4.0°C below ambient temperature during the daytime and 2.0-
3.2°C above ambient temperatures at night (O’Connell & Keppel 2016). The 
thermoregulatory hypothesis is further supported by the behavior of tree hollow 
inhabitants, for example, the common brushtail possum (Trichosurus vulpecula) 
selectively inhabits tree hollows that buffer from extreme temperatures (Isaac et al. 
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2008), and the mountain brushtail possum (T. cunninghami) is an obligate tree hollow 
inhabitant in temperate climates (Lindenmayer et al. 1996) but does not inhabit tree 
hollows in warmer regions (Gibbons & Lindenmayer 2002). Tropical and sub-tropical 
regions (e.g., Papua New Guinea) are hypothesized to support fewer tree hollow 
inhabiting species than more temperate regions (e.g., Australia) due to increased 
thermoregulatory demands in environments with greater temperature variability 
(Gibbons & Lindenmayer 2002).  
 
An alternative hypothesis for the evolution of mammalian tree hollow 
inhabitance posits that tree hollow inhabitance is constrained by tree hollow abundance 
(Gibbons & Lindenmayer 2002). In sites where tree hollow abundance has declined, tree 
hollow inhabitant species have experienced population reductions (Newton 1994; 
Marsden & Pilgrim 2002; Gibbons & Lindenmayer 2002; Aitken & Martin 2008; 
Manning et al. 2013). Thus, ecoregions with lower tree hollow abundance are expected 
to have lower tree hollow inhabitant species richness (Saunders et al. 1982; Gibbons & 
Lindemayer 2002). For instance, avian tree hollow inhabitance is hypothesized to be 
constrained by tree hollow abundance because there are fewer tree hollow nesting bird 
species in regions with lower tree hollow densities (e.g., Europe, North America; 
Saunders et al., 1982). The hypothesis is further supported by the late Miocene 
expansion of eucalypt forests in Australia (White 1990), which have the highest tree 
hollow abundance globally (Remm & Lohmus 2011). The domination of this forest type 
likely allowed the adaptive radiation of Australian tree hollow inhabiting vertebrates 
(Archer et al. 1991; Gibbons & Lindemayer 2002). Over 300 species of Australian 
vertebrates inhabit tree hollows, including 75% of arboreal marsupials, (Smith & 
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Lindenmayer 1988) indicating that tree hollow abundance is positively correlated with 
tree hollow inhabitant species richness (Gibbons & Lindemayer 2002).  
 
Mammalian tree hollow inhabitance may also be constrained by morphology. 
While tree hollows offer a variety of fitness advantages to invertebrates (e.g., Khazan et 
al., 2015) and vertebrates (amphibians: e.g., Vences et al. 2019; bats: e.g., Lopez-Baucells 
2017; birds: e.g., Nilsson 1984; reptiles: e.g., Lehtinen et al. 2003; and many non-volant 
mammalian clades: e.g., Svensson et al. 2018), tree hollows are only accessible as 
keystone resources for small-bodied species. Animals tend to occupy tree hollows with 
entrance sizes proportional to their body size to reduce predation and competition 
(Beyer & Goldingay 2006). While no minimum entrance width can be applied across all 
tree hollow inhabitant clades, a width of 2 cm is hypothesized to be the lower limit for 
birds and arboreal mammals (Whitford 2002). In contrast, the largest tree hollows have 
entrance widths up to 75 cm, but tree hollows of this size are rare (Carritt 1999). In a 
typical study of vertebrate tree hollow inhabitants, tree hollows with entrance widths 
greater than 10 cm are considered large (e.g., Whitford 2002). In Australia, tree hollow 
inhabiting mammals range in body size from 0.01 kg (honey possum: Tarsipes rostratus) 
to 3.50 kg (short-eared possum: T. caninus) (Gibbons & Lindenmayer 2002). Thus, body 
size likely acts as an evolutionary constraint of tree hollow inhabitance.  
 
All primate clades except Cattarhini contain species that sleep in tree hollows, 
but tree hollow inhabitance is most common among strepsirrhines, especially 
lemuriformes (Kappeler 1998). The common ancestor to all lemuriformes was probably 
small-bodied, nocturnal, and different from the ancestral lorisiform (Svensson et al., 
2018), in that the ancestral lemuriform likely inhabited tree hollows (Kappeler 1998, 
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2000). Therefore, as the adaptive radiation of primates occurred in Madagascar, tree 
hollows were occupied by many new species of small bodied lemurs (Kappeler 1998). 
No comprehensive list of tree hollow inhabiting lemuriformes exists, despite research 
on lemuriform tree hollow inhabitance in Madagascar. For instance, the physical 
characteristics of occupied tree hollows, including height, entrance size, volume, and 
depth, have been investigated for multiple lemuriformes (e.g., Lutermann et al. 2010; 
Rasoloharijaona et al. 2008; Rakotomalala et al. 2017; Romanello, in prep.), in addition to 
research on tree hollow-prone tree species within Madagascar (Salmona et al. 2015; 
Rakotomalala et al. 2017). Nevertheless, a paucity of information concerning tree hollow 
abundance across Madagascar exists, and filling this data gap will broaden the 
contemporary understanding of tree hollow abundance, and therefore, lemuriform 
evolution.  
 
Australian marsupials are an ideal candidate for a comparative study of tree 
hollow inhabitance with lemuriformes. While globally, Madagascar and Australia have 
the most phylogenetically distinct vertebrate assemblages (Bannar-Martin 2015; Holt et 
al. 2013). The primates of Madagascar and the arboreal marsupials of Australia have 
substantial niche convergence (Smith & Ganzhorn 1996). For instance, woolly lemurs 
(e.g., Avahi laniger; Goodman & Benstead 2005), and Australian possums (e.g., T. 
Vulpecula; Nowak 2005) are specialized arboreal folivores, and aye-ayes (Daubentonia 
madagascariensis) and the Australian marsupials Dactylopsila spp. are both extractive 
foragers (Ganzhorn et al. 2014), with both pairs occupying the same dietary niche axis 
(Ganzhorn et al. 2014; Goodman & Benstead 2005; Nowak 2005). The niche overlap 
between Australian and Malagasy mammals can be explained by environmental 
comparability because both landmasses contain similarly structured evergreen 
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rainforest and dry deciduous forest (Bannar-Martin 2015). Furthermore, the 
biogeographic and evolutionary history of the Australian continent mirrors Madagascar 
more closely than any primate occupied landmass (Bannar-Martin 2015).  
 
The aim of the study was to test four overarching hypotheses for the convergent 
evolution of mammalian tree hollow inhabitance in Madagascar and Australia. First, I 
tested the hypothesis that lemuriform tree hollow inhabitance is driven by 
thermoregulatory demands. I predicted: temperature range is greater in lemuriform tree 
hollow inhabitant sites than lemuriform non-tree hollow inhabitant sites. Second, I 
tested the hypothesis that tree hollow abundance and body size act as evolutionary 
constraints to lemuriform tree hollow inhabitance. I predicted: tree hollow abundance is 
higher in lemuriform tree hollow inhabitant sites than lemuriform non-tree hollow 
inhabitant sites, and lemuriform tree hollow inhabitants have a lower mean body mass 
than lemuriform non-tree hollow inhabitants. Third, I tested the hypothesis that 
mammalian tree hollow inhabitance is driven by similar thermoregulatory demands in 
Madagascar and Australia. I predicted: temperature range is comparable across tree 
hollow inhabitant sites in Madagascar and Australia. Fourth, I tested the hypothesis 
that tree hollow abundance and body size act as evolutionary constraints to mammalian 
tree hollow inhabitance in Madagascar and Australia. I predicted: tree hollow 
abundance is comparable between tree hollow inhabitant sites in Madagascar and 
Australia, and tree hollow inhabitants in Madagascar and Australia have a comparable 






I used Gibbons & Lindenmayer’s (2002) dataset on Australian tree hollow 
inhabitants and compiled data on lemuriform tree hollow inhabitance from published 
literature and correspondence with researchers (Appendix). I operationally defined a 
tree hollow inhabitant as any animal that has been documented at least once using tree 
hollows as regular sleeping, roosting, or nesting sites. Following the International 
Union for the Conservation of Nature Species Survival Commission (IUCN/SSC) 
taxonomy, 15 genera and 35 species of Australian tree hollow inhabitant marsupials are 
represented, as well as all species of lemuriformes, including six genera and 36 species 
of tree hollow inhabitant lemuriformes. Due to the paucity of data concerning tree 
hollow abundance across Madagascar, I used mean yearly rainfall, a variable shown to 
be significantly correlated with tree hollow abundance globally, as a proxy for tree 
hollow abundance (Remm & Lohmus 2011). Because higher rainfall levels provide more 
moisture in the environment, heartwood is able to decay more efficiently, thereby 
forming more tree hollows, justifying the proxy (Remm & Lohmus 2011).  
 
To define tree hollow inhabitant and non-tree hollow inhabitant sites, I visually 
estimated the approximate latitudinal and longitudinal center of all lemuriform and 
tree hollow inhabiting Australian marsupial geographic distributions using IUCN/SSC 
species distribution maps (Figure 1). I then obtained climate data from the nearest 
weather station. If distributions were non-continuous and separated by more than 
200km, I used multiple weather stations to calculate the average across sites. In 
addition, I obtained morphological data on all lemuriform and Australian marsupial 




I addressed the first hypothesis that lemuriform tree hollow inhabitance is driven 
by thermoregulatory demands using logistic regression to test whether lemuriform tree 
hollow inhabitance is predicted by mean daily temperature, minimum temperature on 
record, maximum temperature on record, mean temperature during the hottest month, 
or mean temperature during the coldest month. I also compared lemuriform tree hollow 
inhabitant and non-tree hollow inhabitant sites using Welch two sample t-tests for 
temperature range, and average mean, minimum, and maximum daily temperatures. 
For the second hypothesis that lemuriform tree hollow inhabitance is constrained by 
tree hollow abundance and body size, I compared lemuriform tree hollow inhabitant 
and non-tree hollow inhabitant sites using Welch two sample t-tests for average mean 
yearly rainfall, average mean rainfall during the driest month, and average mean 
rainfall during the wettest month. I then compared tree hollow inhabiting lemuriformes 
to non-tree hollow inhabiting lemuriformes using Welch two sample t-tests for body 
mass. I addressed the third hypothesis that mammalian tree hollow inhabitance is 
driven by similar thermoregulatory demands in Madagascar and Australia by 
comparing lemuriform and Australian marsupial tree hollow inhabitant sites using 
Welch two sample t-tests for the following variables: temperature range, and average 
mean, minimum, and maximum daily temperatures. I addressed the fourth hypothesis 
that tree hollow abundance and body size act as evolutionary constraints to mammalian 
tree hollow inhabitance in Madagascar and Australia by comparing tree hollow 
inhabitant sites in Madagascar and Australia using Welch two sample t-tests for 
average mean yearly rainfall, average mean rainfall during the driest month, and 
average mean rainfall during the wettest month. I then compared tree hollow 
inhabitants in Madagascar and Australia using Welch two sample t-tests for body mass. 
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I log transformed data to comply with the Welch two sample t-test assumption of 

























Average daily temperature across all lemuriform tree hollow inhabitant and non-
tree hollow inhabitant sites differed by less than 1.0°C. Mean temperature range (t = 
1.41, df = 68.81, p = 0.163), as well as average mean (t = 0.56, df = 67.78, p = 0.578; Figure 
2), minimum (t = -0.35, df = 68.96, p = 0.728), and maximum temperatures (t = 1.18, df = 
62.48, p = 0.245), did not differ between lemuriform tree hollow inhabitant and non-tree 
hollow inhabitant sites. No model for predicting lemuriform tree hollow inhabitance 
was significant.  
 
Mean yearly rainfall across all lemuriform sites was 1428.7 ± 69.2 mm. Average 
mean yearly rainfall did not differ between lemuriform tree hollow inhabitant (1349.4 ± 
89.79 mm) and non-tree hollow inhabitant (1510.2 ± 105.3 mm) sites (t = -0.30, df = 54.34, 
p = 0.765; Figure 3). In addition, mean rainfall range (t = -0.18, df = 67.85, p = 0.854), as 
well as average rainfall levels during the driest and wettest months of the year, did not 
differ between lemuriform tree hollow inhabitant and non-tree hollow inhabitant sites (t 
= -1.78, df = 63.52, p = 0.079; t = -0.59, df = 68.41, p = 0.555).  
 
 The average body mass of tree hollow inhabiting lemuriformes (0.54 ± 0.07 kg) 
was lower than the average body mass of non-tree hollow inhabitant lemuriformes (2.38 
± 0.30 kg; t = -5.86, df = 37.73, p < 0.001; Figure 4). The average body mass of tree hollow 
inhabiting lemuriformes ranged from 0.03 kg (Madame Berthe’s mouse lemur: 
Microcebus berthae) to 1.85 kg (Wright’s sportive lemur: Lepilemur wrightae), whereas the 
average body mass of non-tree hollow inhabiting lemuriformes ranged from 0.03 kg 




Average mean daily temperature differed between tree hollow inhabitant 
Australian marsupial sites (18.71 ± 0.72°C; Figure 5) and tree hollow inhabitant 
lemuriform sites (23.61 ± 0.53°C; t = 5.57, df = 56.81, p < 0.001). Minimum temperature 
was higher in tree hollow inhabitant lemuriform sites (14.08 ± 0.61°C) than in tree 
hollow inhabitant Australian marsupial sites (7.46 ± 0.86°C; t = 6.33, df = 60.98, p < 
0.001; Figure 6), but maximum temperature did not differ across sites (t = 1.86, df = 
69.00, p = 0.067). Mean temperature range differed between Malagasy and Australian 
tree hollow inhabitant sites (t = -6.24, df = 65.01, p < 0.001).  
 
Rainfall patterns differed between Madagascar and Australia. Mean yearly 
rainfall was lower in tree hollow inhabitant sites in Australia (1037.6 ± 96.8 mm) than in 
Madagascar (t = 2.68, df = 64.93, p = 0.009; Figure 7). Lemuriform tree hollow inhabitant 
sites had higher rainfall variability than Australian marsupial tree hollow inhabitant 
sites (t = 5.13, df = 65.945, p < 0.001): in Madagascar, average rainfall was lower in the 
driest month than it was in Australia (t = -2.43, df = 63.83, p = 0.018; Figure 8) and 
rainfall was higher in the wettest month in Madagascar compared to Australia (t = 4.79, 
df = 65.83, p < 0.001; Figure 9).  
 
The average body mass of tree hollow inhabiting Australian marsupials ranged 
from the honey possum (0.01 kg), which was less than half as heavy as the smallest tree 
hollow inhabiting lemur, to the short-eared possum (3.50 kg), which was nearly twice as 
heavy as the largest tree hollow inhabiting lemur. Nevertheless, the average body mass 
of tree hollow inhabiting Australian marsupials (0.64 ± 0.16 kg) did not differ from the 
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average body mass of tree hollow inhabitant lemuriformes (0.54 ± 0.07 kg; t = -0.53, df = 

























Despite tree hollows being a global ‘keystone vegetation structure’ (Tews et al. 
2004; Remm & Lohmus 2011), little is known about the selective pressures and 
constraints acting on tree hollow inhabitant species. By comparatively investigating tree 
hollow inhabitance in Madagascar and Australia, I tested existing hypotheses to explain 
the widespread convergent evolution of mammalian tree hollow inhabitance. Contrary 
to the hypothesis that tree hollow inhabitant sites have greater thermoregulatory 
demands and a higher abundance of tree hollows, I found no difference in ecology 
between tree hollow inhabitant and non-tree hollow inhabitant sites within 
Madagascar. By contrast, tree hollow inhabitant sites in Australia and Madagascar 
differed in their ecology, suggesting tree hollow inhabitance likely convergently 
evolved in both regions due to different selective pressures and constraints. My 
findings also suggest that the ability of Australian marsupials and lemuriformes to 
inhabit tree hollows is constrained by their morphology. Substantial variation in the 
selective pressures and constraints acting on mammalian tree hollow inhabitance, 
combined with the long-term development of tree hollows, demonstrates the potential 
complexity of mammalian tree hollow inhabitant conservation initiatives, and 
highlights the need for further research on mammalian tree hollow inhabitant ecology.  
 
Thermoregulatory demands were comparable between tree hollow inhabitant 
and non-tree hollow inhabitant sites within Madagascar, and Australian tree hollow 
inhabitant sites had substantially lower minimum temperatures and greater 
temperature variability than tree hollow inhabitant sites in Madagascar. Thus, while 
lemuriformes presumably benefit from the temperature buffering qualities of tree 
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hollows (Blanco & Rahalinarivo 2010; Lutermann et al. 2010), selective pressure for 
structural thermoregulatory assistance is substantially reduced within Madagascar 
relative to Australia. Madagascar’s tropical temperature regime allows the average 
lemuriform tree hollow inhabitant to experience approximately half the temperature 
variation experienced by Australian marsupial tree hollow inhabitants. Because 
Madagascar has higher tree hollow inhabitant species richness and is approximately 13 
times smaller than Australia, my results challenge the hypothesis that increased 
thermoregulatory demands drive high tree hollow inhabitant species richness. Further 
research on the drivers of mammalian tree hollow inhabitance in the tropics is necessary 
to develop an accurate understanding of the global convergent evolution of tree hollow 
inhabitance.  
 
While evidence exists to support the hypothesis that tree hollow inhabitance is 
constrained by tree hollow abundance in Australia (Gibbons & Lindenmayer 2002), my 
results indicate that lemuriform tree hollow inhabitance is not constrained by tree 
hollow abundance because tree hollow abundance, as assessed by rainfall, did not differ 
between lemuriform tree hollow inhabitant and non-tree hollow inhabitant sites. Tree 
hollow abundance was substantially higher in tree hollow inhabitant sites in 
Madagascar than Australia, but because lemuriform tree hollow inhabitant sites varied 
so greatly in tree hollow abundance, alternative constraints likely influence lemuriform 
tree hollow inhabitance. Factors such as competition, environmental exposure, and 
parasite avoidance vary based on rainfall and can effectively reduce tree hollow 
abundance thereby constraining tree hollow inhabitance. Therefore, investigating tree 
hollow availability, or the number of habitable tree hollows, may be a more useful 
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metric than either tree hollow abundance or the total number of tree hollows because 
environmental variables, such as rainfall, effectively alter tree hollow abundance.  
 
Competition for access to tree hollows can potentially explain why tree hollow 
abundance is unrelated to mammalian tree hollow inhabitance in Madagascar. 
Lemuriform species richness is higher in humid and sub-humid forests than in 
succulent woodland, spiny thicket, and dry deciduous forest (Muldoon & Goodman 
2015). Therefore, interspecific competition for tree hollow access likely increases in 
regions with higher rainfall, and thus higher tree hollow abundance. Because 
interspecific competition between sympatric primate species often leads to sleep site 
niche partitioning (e.g., Justa et al. 2019), regions of Madagascar with higher tree hollow 
abundance may have reduced tree hollow inhabitant species richness. However, bats 
(Lopez-Baucells 2017), frogs (Vences et al. 2019), lizards (Lehtinen al. 2003), and other 
tree hollow inhabitants in Madagascar may also outcompete primates for access to these 
sleep sites in regions with higher rainfall, and therefore, higher levels of biodiversity. 
The European honeybee, for instance, competitively excludes birds and mammals from 
suitable tree hollow sleep sites (Mawson & Long 1994; Oldroyd et al. 1994). Because 
increased tree hollow abundance may correlate with increased tree hollow competition, 
tree hollow abundance is effectively reduced, thereby further constraining tree hollow 
inhabitance. While tree hollow inhabitant populations have been hypothesized to be 
limited by the abundance of suitable tree hollows (Gibbons & Lindenmayer 2002), my 
results suggest interspecific competitive exclusion may play a role in tree hollow 




Tree hollow abundance and lemuriform tree hollow inhabitance may also be 
unrelated due to environmental exposure. Tree hollow inhabitance is hypothesized to 
be more common in species living in open environments (Alerstam & Hogstedt 1981; 
Strahan 1983; Gibbons & Lindenmayer 2002). For example, tree hollow-nesting bird 
species are significantly more likely to live in open environments than non-tree-hollow-
nesting bird species (Alerstam & Hogstedt 1981). Furthermore, the spotted cuscus 
(Phalanger maculates) and the green ringtail possum (Pseudocheirus archeri) occur in dense 
tropical rainforests of New Guinea and do not occupy tree hollows, while their closest 
living relatives occupying Australian eucalyptoid forests with high exposure, nearly all 
inhabit tree hollows (Strahan, 1983). Despite higher tree hollow abundance in 
environments with high rainfall levels (Remm & Lohmus 2011), tree hollow inhabiting 
lemuriform species richness may be high in lower rainfall regions due to increased 
environmental exposure and therefore more intense selective pressure for predation 
avoidance through tree hollow inhabitance.   
 
Additionally, mammalian parasite avoidance may reduce selective pressure for 
tree hollow inhabitance in regions with higher rainfall levels, and therefore, higher tree 
hollow abundance. Tree hollows containing water can harbor parasites (Gibbons & 
Lindenmayer 2002), and many mammals actively avoid parasites that are damaging to 
their health (e.g., Hausfater & Meade 1982). Milne Edwards’ sportive lemur (L. edwardsi) 
has a higher prevalence and diversity of endoparasitic helminths than the sympatric 
western woolly lemur (A. occidentalis) because the sportive lemur sleeps in tree hollows 
and has high sleep site fidelity (Hokan et al. 2018). Additionally, the grey mouse lemur 
(M. murinus) abandons tree hollow sleep sites at the onset of regular heavy rainfall 
(Lutermann et al. 2010). While the grey mouse lemur shows preference for tree hollows 
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over alternative sleep sites for thermoregulatory purposes, at the onset of heavy rainfall 
the species inhabits nests or open sites likely as tactic of water, and thus parasite 
avoidance (Lutermann et al. 2010). Therefore, environmental factors such as high 
rainfall levels may reduce selective pressure for tree hollow inhabitance in regions with 
greater tree hollow abundance. Because tree hollow abundance is not a reliable 
indicator of tree hollow inhabitance within Madagascar, evidence to support the 
hypothesis that tree hollow abundance constrains tree hollow inhabitance within 
Madagascar is lacking. In fact, my results indicate rainfall is a potentially substantial 
constraint on lemuriform tree hollow inhabitance in sites with high tree hollow 
abundances. Therefore, because there is no evidence to support the hypothesis that tree 
hollow abundance is the primary evolutionary constraint for lemuriform tree hollow 
inhabitance, alternative considerations should be investigated. For example, the species 
richness of tree hollow inhabitant lemuriformes could be explained by phylogenetic 
niche conservatism (Kappeler 1998) rather than thermoregulation or tree hollow 
abundance.  
 
Contrary to Remm & Lohmus (2011), my results may also suggest that mean 
yearly rainfall is not a good proxy for tree hollow abundance within Madagascar. Their 
global analysis indicated that mean yearly rainfall was the best global predictor of tree 
hollow abundance, but tropical sites were excluded from the analysis due to data 
deficiencies. Thus, further research on tree hollow abundance across the tropics is 
needed to address the accuracy of global predictors of tree hollow abundance. Within 
Madagascar, rainfall may fail to predict tree hollow abundance due to variation in 
stochastic disturbances like cyclones. Tree hollow formation is induced by physiological 
stress or injury (Baumgartner 1939), and heavy winds during cyclones can cause 
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substantial trunk and limb breakage (Gibbons & Lindenmayer 2002). Thus, in regions 
that experience more frequent or intense cyclones, i.e. the tropics, tree hollow 
abundance may be greater than in regions with fewer or less intense disturbances. 
Remm & Lohmus (2011) did not include cyclone impacts in their modelling, other than 
the effect of cyclones on mean yearly rainfall levels, but noted the potential of such 
disturbances to strongly influence tree hollow abundance. Between 1980 and 2007, an 
average of 12.5 cyclones formed yearly in the southwest Indian Ocean, and 48 cyclones 
made landfall in Madagascar (Mavume et al. 2010). The effects of stochastic disturbance 
on tree hollow abundance are undocumented in Madagascar; however, frequent 
disturbance likely plays a significant role in the abundance of tree hollows, and the 
survival of tree hollow inhabitants. Because Madagascar’s dry forests were affected by 
nearly half of all cyclones from 1961 to 2000 (Waeber et al. 2015), sites with lower mean 
yearly rainfall may have comparable or higher tree hollow abundance than sites with 
higher mean yearly rainfall, thereby contradicting the rainfall proxy rather than the 
hypothesis that tree hollow abundance constrains tree hollow inhabitance.  
 
Another way in which the rainfall proxy could be a poor predictor of global tree 
hollow abundance is variation in anthropogenic disturbance. Remm & Lohmus (2011) 
found that anthropogenic disturbances also alter tree hollow abundance: tree hollow 
abundance increases with forest “naturalness” (Remm & Lohmus 2011). Managed 
forests, i.e. those which have experienced cutting, have significantly lower tree hollow 
abundance than natural forests, i.e. those which have not experienced cutting (Remm & 
Lohmus 2011). However, as stated previously, Remm & Lohmus (2011) did not include 
tropical sites in their analysis, thus disturbance could play a different role in tree hollow 
abundance within tropical sites. The extent of forest cover prior to human arrival on 
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Madagascar is difficult to estimate, however, from 1953 to 2000 the island’s forest cover 
was reduced from 27% to 17%, a loss of 61,000 km2 (Lowry et al. 1997; Harper et al. 
2007; Moat & Smith 2007). Thus, natural forest is highly limited in Madagascar and 
understanding the distribution of natural versus managed forests may provide a more 
reliable predictor of tree hollow abundance than mean yearly rainfall. If rainfall is 
indeed a poor proxy, the possibility remains that tree hollow abundance is a constraint 
for lemuriform tree hollow inhabitance.  
 
 While my results indicate thermoregulatory demands and tree hollow 
abundance are unrelated to tree hollow inhabitance in Madagascar, I found 
morphology to be related to tree hollow inhabitance similarly in both Madagascar and 
Australia. Body size likely acts as a constraint on mammalian tree hollow inhabitance 
because body mass was significantly lower in tree hollow inhabiting lemuriformes than 
non-tree hollow inhabiting lemuriformes, and the body mass of lemuriform tree hollow 
inhabitants and Australian marsupial tree hollow inhabitants was not significantly 
different. While very large animals, such as the Japanese black bear (Ursus thibetanus 
japonicus; 72 kg), have been documented using tree hollows as sleep/hibernation sites 
(Itoh et al. 2010), as body mass increases, the abundance of tree hollows suitable for 
occupancy decreases (Gibbons & Lindemayer 2002). Large tree hollows are rare, and the 
low abundance of large tree hollows, exacerbated by the long-term tree hollow 
formation process (e.g., large tree hollows remain rare in eucalyptus >220 years; 
Gibbons & Lindenmayer 2002), likely causes reduced selective pressure for tree hollow 
inhabitance in large bodied species. For example, in the spiny thicket ecoregion of 
southwestern Madagascar, tree hollows serve as temperature buffers against hot mid-
day temperatures for Verreaux’s sifaka (Propithecus verreauxi; 3 kg), but the species does 
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not use tree hollows as regular sleep sites and has not been documented using tree 
hollows in other ecoregions (Chloe Chen-Krauss pers. comm.). Therefore, while large 
bodied animals draw similar benefits from tree hollows, the abundance of large tree 
hollows likely limits selective pressure for reliance on this sleep site type. However, due 
to the recent extinction of approximately two-thirds of lemuriform species within the 
spiny thicket ecoregion of Madagascar (Crowley, 2010), tree hollow inhabitant 
morphology results may be skewed; however, the large body size of the extinct lemurs 
make tree hollow occupancy highly unlikely.  
 
Because tree hollows require long-term development (Gibbons & Lindenmayer 
2002), they are most abundant in uncut old growth forests, leaving tree hollow 
inhabiting species especially vulnerable to extinction (Remm & Lohmus 2011). Within 
the lemuriform clade, 80% of tree hollow inhabitants are critically endangered, 
endangered, or vulnerable (Romanello in prep). While artificial tree hollows have been 
shown to expand limiting resource availability for tree hollow inhabiting lemuriformes 
in the short-term (Andrews et al. 1998; Valerie Clark pers. comm.), targeted protections 
for hollow-prone tree species, found to be effective in North America (Engstrom et al. 
1996), have yet to be implemented in Madagascar where nearly 50% of forest is 
estimated to be within 100m from an edge (Vieilledent et al. 2018). Understanding the 
site-specific drivers of tree hollow inhabitance will allow for the improvement of 










Figure 1: Map of tree hollow inhabitant species distributions for lemuriformes and 




Figure 2: Mean daily temperatures did not significantly differ between tree hollow 
inhabitant and non-tree hollow inhabitant lemuriform sites (minimum, first quartile, 






Figure 3: Mean yearly rainfall levels did not significantly differ between tree hollow 
inhabitant and non-tree hollow inhabitant lemuriform sites (minimum, first quartile, 





Figure 4: Mean body mass significantly differed between tree hollow inhabitant and 
non-tree hollow inhabitant lemuriformes (minimum, first quartile, median, third 





Figure 5: Mean daily temperature significantly differed between tree hollow inhabitant 
sites in Madagascar and Australia (minimum, first quartile, median, third quartile, 




Figure 6: Minimum temperature significantly differed between tree hollow inhabitant 






Figure 7: Mean yearly rainfall levels significantly differed between tree hollow 
inhabitant sites in Madagascar and Australia (minimum, first quartile, median, third 
quartile, maximum; dots represent outliers). 
 
 
Figure 8: Mean rainfall during the driest month significantly differed between tree 
hollow inhabitant sites in Madagascar and Australia (minimum, first quartile, median, 






Figure 9: Mean rainfall during the wettest month significantly differed between tree 
hollow inhabitant sites in Madagascar and Australia (minimum, first quartile, median, 




Figure 10: Mean body mass did not significantly differ between tree hollow inhabitants 
in Madagascar and Australia (minimum, first quartile, median, third quartile, 



















































trichotis Yes [1] 0.08 [1] Ambatoharanana 1984.0 26.2 21.0 470.0 18.1 32.5 23.8 32.5 
Avahi betsileo Yes [2] 1.09 [2] Fandriana  1495.0 17.0 27.0 292.0 7.4 25.6 12.9 19.8 
Avahi cleesei Data Deficient                     
Avahi laniger No [3] 1.18 [3] Vavatenina 2349.0 23.4 82.0 370.0 16.3 30.4 20.3 26.2 
Avahi 
meridionalis No [4] 1.08 [4] Ranomafana  1737.0 23.0 59.0 268.0 13.2 31.2 19.1 26.2 
Avahi 
mooreorum No [5] 0.92 [5] Ambanizana  2939.0 24.0 83.0 396.0 17.8 30.5 21.1 26.5 
Avahi 
occidentalis No [6] 0.89 [6] Tsaramandroso  1529.0 26.8 1.0 445.0 17.5 33.8 24.6 28.3 




Deficient                     




Deficient                     
Cheirogaleus 















Deficient                     
Cheirogaleus 
major Yes [9] 0.51 [8] Ambohimahamasina 1349.0 18.9 30.0 292.0 10.0 26.8 14.8 21.7 
Cheirogaleus 






Deficient                     
Cheirogaleus 
sibreei Yes [11] 0.26 [9] 
Antanifotsy, 




Deficient                     
Daubentonia 
madagascariensis No [12] 2.59 [10] 
Anosibe an'ala, 
Besalampy 1739.5 24.0 26.0 423.0 14.8 31.7 20.8 26.4 
Eulemur 




Deficient                     
Eulemur collaris No [14] 2.14 [12] Befotaka 1710.0 26.7 6.0 444.0 18.7 33.4 24.7 27.8 
Eulemur 
coronatus No [15] 1.18 [13] Marivorahona
  1759.0 26.7 14.0 451.0 18.6 33.4 24.4 28.1 
Eulemur 
flavifrons No [16] 1.87 [14] Befotaka 1710.0 26.7 6.0 444.0 18.7 33.4 24.7 27.8 
Eulemur fulvus No [17] 1.82 [15] Ambatondrazaka 1103.0 21.1 5.0 262.0 11.0 29.9 17.3 23.7 
Eulemur macaco No [18] 2.13 [16] Djangoa 2043.0 26.1 20.0 499.0 18.0 31.9 23.7 27.4 
Eulemur mongoz No [19] 1.21 [17] Mitsinjo, Miringoni 1665.0 26.0 27.5 212.5 18.8 31.5 23.9 27.4 
Eulemur 
rubriventer No [20] 2.01 [3] Moramanga  1638.0 19.4 40.0 319.0 10.5 27.9 15.4 22.5 
Eulemur 
rufifrons No [20] 2.21 [3] 
Nosy Ambositra, 
Fianarantsoa 976.5 22.0 10.0 250.0 11.2 30.6 17.6 24.8 
Eulemur rufus Data Deficient                     
Eulemur 
sanfordi No [15] 1.85 [13] Sadjoavato 1349.0 25.0 19.0 336.0 18.2 30.9 23.0 26.4 
Hapalemur 
alaotrensis No [21] 1.24 [18] Vohitsara  1168.0 21.0 6.0 278.0 11.5 29.4 17.2 23.5 
Hapalemur 
aureus No [22] 1.43 [19] Fianarantsoa 1240.0 18.7 18.0 314.0 9.4 27.2 14.4 21.4 
Hapalemur 
griseus No [23] 0.91 [20] Belampy, Moramanga  1204.0 19.9 12.0 296.0 10.5 28.3 15.8 22.5 
Hapalemur 




Deficient                     
Indri indri No [25] 7.75 [22] Vavatenina 2349.0 23.4 82.0 370.0 16.3 30.4 20.3 26.2 
Lemur catta No [26] 2.19 [23] Sakaraha 724.0 23.4 4.0 149.0 9.0 34.6 18.2 26.5 












Deficient                     
Lepilemur 
dorsalis Yes [28] 0.62 [26] Bemaneviky 2006.0 25.8 20.0 485.0 17.3 32.1 23.3 27.2 
Lepilemur 




Deficient                     
Lepilemur 




Deficient                     
Lepilemur 




Deficient                     
Lepilemur 
leucopus Yes [31] 0.63 [29] Behara 601.0 24.2 17.0 94.0 11.8 34.2 19.8 27.8 
Lepilemur 




Deficient                     
Lepilemur 
mittermeieri Yes [33] 0.73 [22] Ankaramibe 1905.0 25.6 13.0 482.0 17.6 31.4 23.3 26.9 
Lepilemur 
mustelinus Yes [34] 1.00 [5] Moramanga 1638.0 19.4 40.0 319.0 10.5 27.9 15.4 22.5 
Lepilemur otto Yes [35] 0.94 [28] Besakoa 732.0 23.0 6.0 174.0 9.8 33.4 18.4 26.3 




Deficient                     
Lepilemur 
ruficaudatus Yes [36] 0.80 [24] Morondava 774.0 25.2 0.0 287.0 14.0 32.6 21.0 27.9 
Lepilemur 
sahamalazensis Yes [37] 0.74 [24] Befotaka 1710.0 26.7 6.0 444.0 18.7 33.4 24.7 27.8 
Lepilemur 
scottorum Yes [24] 0.83 [5] Ambanizana 2939.0 24.0 83.0 396.0 17.8 30.5 21.1 30.5 
Lepilemur seali Data Deficient                     
Lepilemur 
septentrionalis Yes [38] 0.68 [26] Antisiranana 1337.0 22.1 14.0 321.0 15.2 28.0 19.8 23.5 
Lepilemur 
tymerlachsoni Yes [39] 0.88 [26] Hell-Ville 2136.0 26.5 30.0 471.0 20.1 31.5 24.2 27.8 
Lepilemur 




Deficient                     
Microcebus 
berthae Yes [41] 
0.03 










Deficient                     
Microcebus 




Deficient                     
Microcebus gerpi Data Deficient                     
Microcebus 
griseorufus Yes [43] 0.05 [34] Beloha 444.0 24.1 8.0 91.0 12.3 34.1 19.5 27.8 
Microcebus 
jollyae Yes [44] 
0.05  
[26, 35] Kianjavato 2211.0 23.0 71.0 391.0 14.5 30.2 19.3 26.0 
Microcebus 
























Deficient                     
Microcebus 
murinus Yes [45] 0.06 [37] Morondava 774.0 25.2 0.0 287.0 14.0 32.6 21.0 27.9 
Microcebus 
myoxinus Yes [2] 0.05 [38] Besalampy 1248.0 26.5 0.0 465.0 16.7 33.8 23.8 28.2 
Microcebus 
ravelobensis Yes [45] 0.09 [39] Ambato Boeny 1437.0 26.7 2.0 414.0 17.1 35.5 24.2 28.9 
Microcebus 
rufus Yes [46] 0.04 [31] Fianarantsoa 1240.0 18.7 18.0 314.0 9.4 27.2 14.4 21.4 
Microcebus 




Deficient                     
Microcebus 




Deficient                     
Mirza coquereli No [47] 0.31 [36] Belo sur Mer, Soalala 987.0 26.0 0.5 325.5 15.7 32.9 22.6 28.2 




Deficient                     
Phaner furcifer Yes [47] 0.34 [42] Marotandrano 1314.0 23.5 11.0 346.0 15.6 31.5 20.2 25.7 
Phaner 
pallescens Yes [48] 0.34 [42] Morondava 774.0 25.2 0.0 287.0 14.0 32.6 21.0 27.9 
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Phaner parienti Data Deficient                     
Prolemur simus No [22] 2.24 [19] Fianarantsoa, Moramanga 1439.0 19.1 29.0 316.5 10.0 27.6 14.9 22.0 
Propithecus 




Deficient                     
Propithecus 




Deficient                     
Propithecus 
diadema No [50] 5.71 [45] Ambatondrazaka 1103.0 21.1 5.0 262.0 11.0 29.9 17.3 23.7 
Propithecus 
edwardsi No [51] 5.60 [46] Fianarantsoa 1240.0 18.7 18.0 314.0 9.4 27.2 14.4 21.4 
Propithecus 
perrieri No [52] 4.60 [47] Antsakoabe 1385.0 24.0 14.0 340.0 16.9 29.9 21.8 25.4 
Propithecus 
tattersalli No [53] 3.49 [48] Maromokotra 1479.0 26.2 22.0 329.0 18.8 32.1 23.9 27.3 
Propithecus 
verreauxi No [54] 2.99 [49] Toliara 343.0 24.1 4.0 76.0 14.0 33.3 20.5 27.8 
Varecia rubra No [55] 3.51 [50] Ambanizana  2939.0 24.0 83.0 396.0 17.8 30.5 21.1 26.5 
Varecia 




970.3 20.6 45.7 358.3 12.5 28.5 16.9 23.4 
Acrobates 
pygmaeus Yes [57] 0.02 [52] Toowoomba 895.0 35.0 127.0 16.9 3.7 28.5 10.2 22.3 
Antechinus 
agilis Yes [57] 0.02 [53] Albury 744.0 32.0 95.0 15.1 2.9 30.5 7.5 22.8 
Antechinus 
bellus Yes [57] 0.02 [53] Jabiru 1469.0 1.0 338.0 27.9 17.7 37.1 24.5 30.5 
Antechinus 
flavipes Yes [57] 0.05 [54] Dubbo, Boyup Brook 676.5 33.5 111.0 16.0 3.3 29.5 8.9 22.6 
Antechinus leo Yes [57] 0.04 [55] Coen 1195.0 3.0 307.0 25.5 16.6 33.6 22.2 28.1 
Antechinus 
stuartii Yes [57] 0.04 [55] Maitland 932.0 42.0 119.0 17.9 5.8 28.6 11.6 23.3 
Antechinus 
swainsonii Yes [57] 0.03 [55] Lithgow 908.0 49.0 113.0 12.2 0.8 24.8 5.4 18.4 
Cercartetus 
caudatus Yes [57] 0.01 [55] Cairns 2386.0 37.0 486.0 24.7 16.4 31.5 20.8 27.5 
Cercartetus 
concinnus Yes [57] 0.08 [55] Penong 334.0 9.0 49.0 17.4 6.0 29.4 11.8 22.5 
Cercartetus 
lepidus Yes [57] 0.04 [55] Patchewollock  361.0 22.0 39.0 16.0 3.7 31.8 9.1 23.1 
Cercartetus 
nanus Yes [57] 0.41 [55] Cooma 572.0 27.0 68.0 11.3 -2.0 25.8 4.3 17.9 
Dactylopsila 




geoffroi Yes [57] 2.65 [55] Perth 807.0 7.0 175.0 18.7 9.1 31.0 13.6 24.8 
Dasyurus 
maculatus Yes [57] 0.07 [55] Sydney 1309.0 60.0 155.0 17.6 7.1 26.3 12.0 22.3 
Gymnobelideus 
leadbeateri Yes [57] 0.12 [56] Healesville 958.0 51.0 102.0 14.3 4.2 27.2 8.4 20.2 
Hemibelideus 
lemuroides Yes [57] 0.93 [55] Ravenshoe 1496.0 33.0 305.0 19.9 9.4 28.8 15.2 23.1 
Myrmecobius 
fasciatus Yes [57] 0.53 [55] Darkan 548.0 12.0 107.0 15.3 4.7 30.5 9.8 21.9 
Petauroides 
volans Yes [57] 1.22 [57] Ipswich 964.0 32.0 133.0 20.1 6.4 31.2 13.7 25.3 
Petaurus 
australis Yes [57] 0.59 [55] Toowoomba 895.0 35.0 127.0 16.9 3.7 28.5 10.2 22.3 
Petaurus 
breviceps Yes [57] 0.11 [55] Townsville 1111.0 9.0 275.0 24.1 13.2 31.7 19.0 27.6 
Petaurus gracilis Yes [57] 0.41 [58] Cardwell 2217.0 28.0 488.0 24.1 14.0 31.8 19.5 27.4 
Petaurus 
norfolcensis Yes [57] 0.23 [58] Toowoomba 895.0 35.0 127.0 16.9 3.7 28.5 10.2 22.3 
Phascogale 
calura Yes [57] 0.04 [55] Narrogin 479.0 13.0 88.0 15.9 5.2 30.9 10.1 22.7 
Phascogale 




1233.4 26.2 237.4 19.7 9.5 30.1 14.6 24.2 
Pseudocheirus 
archeri Yes [57] 1.01 [55] Cairns 2386.0 37.0 486.0 24.7 16.4 31.5 20.8 27.5 
Pseudocheirus 
herbertensis Yes [57] 1.05 [55] Ravenshoe 1496.0 33.0 305.0 19.9 9.4 28.8 15.2 23.1 
Pseudocheirus 
occidentalis Yes [57] 0.70 [59] Manjimup 981.0 21.0 172.0 14.7 6.0 27.1 10.1 20.2 
Pseudocheirus 
peregrinus Yes [57] 1.17 [55] Toowoomba 895.0 35.0 127.0 16.9 3.7 28.5 10.2 22.3 
Sminthopsis 
dolichura Yes [57] 0.01 [53] Merredin 324.0 13.0 52.0 17.7 5.2 33.2 10.6 25.3 
Sminthopsis 
leucopus Yes [57] 0.02 [53] Warragul 1032.0 49.0 109.0 13.5 3.7 25.7 8.1 18.9 
Sminthopsis 
murina Yes [57] 0.02 [54] Moree 584.0 27.0 72.0 19.1 3.7 33.5 10.6 26.6 
Tarsipes 
rostratus Yes [57] 0.01 [55] Manjimup 981.0 21.0 172.0 14.7 6.0 27.1 10.1 20.2 
Trichosurus 
arnhemensis Yes [57] 3.50 [56] Karratha 258.0 0.0 57.0 26.6 13.0 37.5 19.8 31.7 
Trichosurus 
caninus Yes [57] 2.85 [59] Toowoomba 895.0 35.0 127.0 16.9 3.7 28.5 10.2 22.3 
Trichosurus 
vulpecula Yes [57] 3.00 [55] 
Brewarrina, 




*References: [1] Biebouw et al. 2009; [2] Razafimandimby pers. obs.; [3] Ganzhorn et al. 1985; [4] Norscia pers. obs.; [5] Sawyer pers. obs.; [6] Hokan et al. 2018; [7] Harcourt 1991; 
[8] Blanco & Rahalinarivo 2010; [9] Petter et al. 1977; [10] Muller 1999; [11] Blanco pers. obs.; [12] Sterling 1993; [13] Toborowsky 2006; [14] Donati et al. 2007; [15] Freed 1996; [16] 
Schwitzer et al. 2007; [17] Rasmussen 1999; [18] Colquhoun 2007; [19] Curtis 1997; [20] Overdorff pers. obs.; [21] Ratsimbazafy pers. obs.; [22] Wright et al. 2012; [23] Tongasoa 
pers. obs.; [24] Eppley pers. obs.; [25] Mittermeier et al. 2010; [26] Jolly 1966; [27] Roos pers. obs.; [28] Andrews et al. 1998; [29] Gardner 2016; [30] Rowe pers. obs.; [31] Nash 
1998; [32] Porter 1998; [33] Wilmet et al. 2015; [34] Rasoloharijaona et al. 2008; [35] Craul et al. 2007; [36] Hilgartner 2006; [37] Seiler et al. 2013; [38] Ratsirarson & Rumpler 1988; 
[39] Clark pers. obs.; [40] Irwin et al. 2004; [41] Dammhahn & Kappeler 2005; [42] Olivieri pers. obs.; [43] Genin 2008 [44] Narindra pers. obs.; [45] Radespiel et al. 2003; [46] 
Atsalis 2008; [47] Petter et al. 1977; [48] Schulke 2003; [49] Patel 2011; [50] Powzyk 1997; [51] Wright et al. 1987; [52] Banks pers. obs.; [53] Myers 1993; [54] Lewis pers. obs.; [55] 
Rigamonti 1993; [56] Balko 1998; [57] Gibbons & Lindenmayer 2002. **References: [1] Biebouw et al. 2009; [2] Andriantompohavana et al. 2007; [3] Glander et al. 1992; [4] 
Zaramody et al. 2006; [5] Lei et al. 2008; [6] Thalmann 2001; [7] Blanco & Rahalinarivo 2010; [8] Kappeler 1990; [9] Blanco 2010; [10] Feistner & Sterling 1995; [11] Toborowsky 
pers. obs.; [12] Donati et al. 2007; [13] Terranova & Coffman 1997; [14] Koenders et al. 1985; [15] Rasmussen 1999; [16] Bayart & Simmen 2005; [17] Pastorini et al. 1998; [18] 
Mutschler et al. 2000; [19] Tan 2000; [20] Tan pers. obs.; [21]  Rabarivola et al. 2007; [22] Louis pers. obs.; [23] Sussman pers. obs.; [24] Andriaholinirina et al. 2006; [25] 
Mittermeier et al. 2010; [26] Louis et al. 2006; [27] Rasoloharijaona et al. 2003; [28] Craul et al. 2007; [29] Charles-Dominique & Haladik 1971; [30] Nash pers. obs.; [31] Atsalis et 
al. 1996; [32] Dammhahn & Kappeler 2005; [33] Olivieri et al. 2007; [34] Genin 2008; [35] Louis et al. 2008; [36] Kappeler et al. 2005; [37] Schmid & Kappeler 1994; [38] 
Rasoloarison et al. 2000; [39] Randrianambinina et al. 2003; [40] Hending 2015; [41] Rasoloarison et al. 2013; [42] Schulke et al. 2004; [43] Patel pers. obs.; [44] Mittermeier et al. 
1994; [45] Glander & Powzyk 1998; [46] King et al. 2011; [47] Ranaivoarisoa et al. 2006; [48] Ravosa et al. 1993; [49] Lewis pers. obs.; [50] Kappeler 1991; [51] Baden et al. 2008; [52] 
Harris 2015; [53] Parr et al. 2014; [54] Geiser 1994; [55] Myers et al. 2018; [56] Lindenmayer et al. 1991; [57] Harris & Maloney 2010; [58] Jackson 2011; [59] Inions et al. 1989. 
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